Huntington's Disease is caused by inheritance of a single disease-length allele harboring an expanded CAG repeat, which continues to expand in somatic tissues with age. Whether somatic expansion contributed to toxicity was unknown. From extensive work from multiple laboratories, it has been made clear that toxicity depended on length of the inherited allele, but whether preventing or delaying somatic repeat expansion in vivo would be beneficial was unknown, since the inherited disease allele was still expressed. In Budworth et al., we provided definitive evidence that suppressing the somatic expansion in mice substantially delays disease onset in littermates that inherit the same disease-length allele. This key discovery opens the door for therapeutic approaches targeted at stopping or shortening the CAG tract during life. The analysis was difficult and, at times, non-standard. Here, we take the opportunity to discuss the challenges, the analytical solutions, and to address some controversial issues with respect to expansion biology.
Introduction
Over the years, the proteins that contributed to the mutation underlying HD were deduced by crossing HD mice with mice lacking key DNA repair enzymes. 1, 2 Specifically, the proteins whose loss in mice attenuated or reduced expansion were implicated in causing the mutation. However, no one had taken the next step to determine whether somatic expansion had effects on pathophysiology. It was difficult to take that step because loss of DNA repair often comes with pathology of its own. The most notable example of this was the R6/1 [3] [4] [5] [6] [7] or HdhQ111 8, 9 crosses with the Msh2(¡/¡) mouse. Indeed, loss of Msh2(¡/¡) attenuated expansions of CAG tracts in all of the tested HD crosses, but the relationship to toxicity was difficult to establish. Msh2(¡/¡) animals are characterized by methylation tolerance, hyper-recombination, and lymphomas at early ages (peak at 8 weeks of age), as well as global instability in repetitive elements throughout the genome. 10 Although many laboratories had generated HD/Msh2(¡/¡) animals over the years, so many other sites expanded, contracted, or recombined that it was impossible to link pathophysiology to expansion in the disease allele.
Loss of 7,8-dihydro-8-oxo-guanine (8-oxo-G) glycosylase (ogg1) in HD animals, on the other hand, suppressed CAG expansion without widespread pathology. [11] [12] [13] Thus, for the first time, we were able to construct a line in which all littermates inherited the disease allele, but only some (those with ogg1) could expand it somatically. We generated mice by breeding the HD mouse knock-in line Hdh(Q150/Q150) of 150 CAG repeats with the ogg1(¡/¡) mouse to generate Hdh(Q150/Q150)/ogg1(¡/¡) or Hdh(Q150/Q150)/ ogg1(C/C) genotypes. To determine whether somatic instability contributed to disease, all we needed to do was to compare the onset of pathophysiology in the two lines, i.e., compare the onset of toxicity in Hdh (Q150/Q150)/ogg1(C/C) (somatic expansion) and Hdh(Q150/Q150)/ogg1(¡/¡) animals (no somatic expansion). However, the analysis was difficult. The methods we used were key to resolve the effects of the inherited and somatic repeats, but did not follow the most conventional paradigms. Here, we discuss and clarify, in detail, the methodology we used to draw conclusions, and why particular analysis approaches were chosen over others. We deal with three relevant issues: (1) how to distinguish the significance of small expansions, (2) the variability in animal testing, and (3) the basis for the experimental design of animal testing. These methods may be useful to others. Finally, we comment on two issues of relevance to expansion toxicity, the contribution of large versus small expansion, and whether some brain regions contribute more than others to toxicity.
Results and discussion
An approach for measuring small variable changes in repeat tracts that occur at the onset of behavioral phenotypes
The first goal was to establish that loss of ogg1 reduced somatic expansion in a large group of animals. Expansion is easily and robustly measured during age in mouse models, particularly in mid-age or in older animals. However, our goal in this analysis was to measure the impact of expansion size at the beginning of onset. It goes without saying that we expected the changes in repeat tract size to be small, and the analysis would be challenging. Was there a mathematical basis to evaluate the impact of somatic changes at early stages in disease? Could we discriminate differences in somatic expansion between Hdh(Q150/ Q150)/ogg1(C/C) and Hdh(Q150/Q150)/ogg1(¡/¡) animals if the repeat tract changes were small and non-Gaussian?
Indeed, the key to evaluating small changes is a large n. To deal with the small sizes, we created distributions comprising the sum of all the tract changes in length that occurred in 1200 animals between 5 weeks to 40 weeks. 12 For any one animal, the size of repeat tracts at a particular age comprises hundreds of lengths (see Fig. 1 , each panel is a brain region from a single animal), many of which will change as the animal ages. Considering all animals and summing all changes in tract lengths in each one, the probability that loss of ogg1 reduces the somatic expansion size is based on hundreds of repeat tract changes in any particular age group, and thousands of repeat tract changes if ages between 5-40 weeks are pooled. The pooling provided the large n that was needed for robust statistics. Indeed, linear regression confirmed with high probability that loss of ogg1 reduced the somatic expansion size early in their life. To ensure that the repeat tracts were analyzed in an unbiased manner, the repeat tract length for all samples was commercially analyzed (ACGT inc., Illinois USA), and these data directly forwarded for statistical analysis of repeat changes. What we learned from the analysis was that the majority of small individual changes were spread throughout the distribution of expansion size from the Hdh(Q150/Q150)/ogg1(C/C) and Hdh (Q150/Q150)/ogg1(¡/¡) animals. Thus, one could not always see differences in the size distributions by visual inspection, but the pooled changes could be calculated for statistical significance. Although both lines inherited the same disease allele, the probability that somatic expansion was higher in Hdh(Q150/Q150)/ ogg1(C/C) line was significant.
The spread of tract sizes in the distribution in Hdh (Q150/Q150)/ogg1(C/C) line ranged from 90-120 repeats. Thus, a second complication to be faced was how to link a large number of tract sizes in any one age to predict a behavioral response, which was also variable. One solution was to use an average value for repeat tract length and correlate it with the average performance at each age. This approach had significant shortcomings. Although it is easiest to think of measurements in terms of averages (and often very useful to do so), the average is not meaningful in a highly variable situation, and it was unlikely that behavior could be described by the average repeat tract sizes. Peggy Shelbourne nicely illustrates the point in her seminal analysis (Figs. 1, 2). 14, 15 As she observes in the Hdh(Q150/Q150) line, the repeat distribution among brain regions is intrinsically variable ( Fig. 2A-B ) and spans 100-200 repeats (Fig. 1) . The average or median does not reflect well the size distribution ( Fig. 1 ). For example, the median mutation length in the cerebellum (143rpts) is significantly lower than the corresponding measure in the striatum (P < 0 .01) (153rpts) and cortex (P < 0 .001) (153rpts) (Fig. 1) . However, most of the sizes in all three tissues cluster around 130-155rpts, i.e., most of the repeats were of similar size. A smaller population of longer repeats skews the striatal and cortical median toward a higher value. The median in the liver is 184rpts, but the distribution is distinctly bi-modal ( Fig. 1) . Indeed, the average value for the liver repeat tract length does not correlate well with either of the two modes ( Fig. 1) . Thus, linking performance to the average tract length is not an accurate description of the relationship. Similarly, the average performance of the Hdh(Q150/ Q150)/ogg1(C/C) and Hdh(Q150/Q150)/ogg1(¡/¡) animals is also not a good measure of distribution of performances, as we illustrate in Figure 4A (in Budworth et al., 2015, 12 ). To more accurately link the distribution of repeat tract sizes to behavior, we took a two-part analysis. First, as described above, we established, by linear regression, that the somatic expansion was greater in Hdh(Q150/Q150)/ogg1(C/C) animals relative to Hdh(Q150/Q150)/ogg1(¡/¡) animals. We subdivided the expansion size according to age groups differing by 10 or 20 week intervals, and the entire distribution for the Hdh(Q150/ Q150)/ogg1(C/C) and Hdh(Q150/Q150)/ogg1(¡/¡) genotypes was compared at each age. For example, if the repeats between 10-20 weeks in Hdh(Q150/ Q150)/ogg1(C/C) were larger than the Hdh(Q150/ Q150)/ogg1(¡/¡) as judged by linear regression, then this age group was assigned a "yes," and if the repeats in Hdh(Q150/Q150)/ogg1(C/C) animals were smaller than in the Hdh(Q150/Q150)/ogg1 (¡/¡), the age group was assigned a "no.," This analysis considered all of the repeats in the distributions, and transformed the entire set into a single value (yes or no at each age) for each genotype. Indeed, repeat tracts in Hdh(Q150/ Q150)/ogg1(C/C) were larger than the Hdh(Q150/ Q150)/ogg1(¡/¡) in all age groups in the first 40 weeks. We then considered whether the distribution of behavioral performances was better in each age group. Box plots, a Tukey analysis, evaluated the probability that the entire performance distribution in an age group from a particular genotype is distinct from another. If suppression of somatic expansion accompanied a delay in motor decline, then we could establish a direct relationship between the two. Indeed, somatic expansion (in Hdh(Q150/Q150)/ogg1(C/C) animals) had a negative effect on performance, and suppression of somatic expansion in Hdh(Q150/ Q150)/ogg1(¡/¡) animals provided an improvement in motor function within the age window where somatic expansion was suppressed (between 5 and 40 weeks).
Based on probabilities, differences in performance were observed even when the sizes of the repeat tracts were very small (pD0.04 at 11 weeks and pD.0001 at 31 weeks). Although the performance distributions were variable, the majority of the Hdh(Q150/Q150)/ ogg1(¡/¡) mice significantly outperformed their Hdh (Q150/Q150)/ogg1(C/C) littermates at any age tested below 40 weeks. The loss of somatic expansion in the homozygous Hdh(Q150/Q150)/ogg1(¡/¡) crosses led to a remarkable 7-10 month delay in the onset of motor decline relative to Hdh(Q150/Q150)/ogg1(C/C) littermates, who had inherited the same disease-length allele.
In the second approach, both the repeat distributions and the behavioral distributions were evaluated by regression analysis to establish whether behavior was a linear function of the repeat length. Indeed, there was a quantitative relationship between performance and somatic length at the time of onset: the smaller repeat tracts corresponded to better performance, and the larger repeat tracts corresponded to poorer performance. Collectively, our findings demonstrate, for the first time, that somatic expansion contributes to toxicity at the age of onset, when the changes were small. The implications are enormous. Drug companies are reluctant to invest in compound development without a basis. The demonstration that suppressing expansion of the repeat tracts delays onset establishes a viable therapeutic option for treating these deadly diseases.
Study design
This leaves us with the final consideration -the study design. In the conventional testing design for mouse models, a group of animals is tested continuously with age to evaluate a developing motor phenotype. While this approach is extremely useful and cost-effective, this type of analysis fails to identify whether the changes in one group of animals describes all animals. Expansion occurs in most animals, each of which will harbor a distinct range of repeat tract lengths. 16, 17 Therefore, the relationship between repeat tract length and behavior is averaged over many animals, each of which has its own tract length spread. Furthermore, the effects of learning bias on the motor performance over long periods of testing cannot be quantified (in our case 100 weeks of testing).
To deal with this situation, we created random populations in each age group. Each animal group was allowed to reach a defined age, the performance was tested only at that age, and the animal was immediately sacrificed for repeat tract analysis. The value in this approach is power. Each age group independently validated the relationship between behavior and repeat tract length since each age group contained different mice, i.e., the animals at 10-20 weeks were different than the ones at 20-30 weeks. Four age groups rather than one validated the results.
Furthermore, the ancillary measurements such as histology and motor analysis could be performed on the same set of animals.
The study design is reminiscent of clinical testing in human patients. All individuals are tested for repeat length and performance to create a population. The same set of HD subjects is not necessarily measured with time. If they were, then we would know only that a handful of patients develop disease at some rate as they aged. We would know nothing about how those humans fit into the general population. Indeed, the problems that can arise from testing only one group are obvious. In humans, the length of the inherited Figure 3 . The wide distribution of behavioral responses for the same CAG repeat length in HD patients. The regression curve was calculated on log transformed data. Confidence intervals for predicted age given the size of the CAG repeat. Outer curves delineate the 99% confidence interval while inner curves show the 95% confidence interval.
CAG repeat predicts the average age of onset, but any two unrelated HD patients of the same repeat length differ in onset from 20 to 80-years (Fig. 3) . 18 Therefore, following only a subset of patients may not reflect the population, if only the late onset group happened to be selected for testing. Thus, human tract changes are both small and variable, as we see in our mouse analysis, but there are robust methods to deal with the variability. Statistical evaluation in a population-based analysis is capable of drawing firm conclusions as to whether the onset of disease is generally related to the inherited repeat length.
Do expansions in all regions contribute equally to toxicity?
Our quantitative analysis provides some insights into two long-standing questions relevant to the impact of expansion on pathophysiology: whether a large population of small repeats has more of an impact than a larger population of small repeats, and the related question, do regions with the longest repeats contribute the most to pathology. 19 While in HD, for example, the striatum is the most sensitive area targeted for death, and has the longest alleles [ Fig. 2C-D] , is it really the striatum that contributes the most to disease onset?
It is widely observed that the striatum has the longest expansion sizes, and Vonsattel classification clearly identifies the striatum as the earliest affected tissue. 20 Thus, it makes sense that the striatum would be most sensitive if the somatic repeats are longest in that region and contribute to toxicity. However, in addressing this question, again the averages are not accurate measures to judge the relationship between repeat length and toxicity. The median value of cerebellum (143rpts) and the cortex (153rpts) is different by only 10 repeats, yet by Vonsattel criteria, the onset of toxicity for the striatum (stage I) and cerebellum (stage III) are years apart.
The benefit in linear regression analysis is that the onset of performance decline can be evaluated as a linear function of repeat tract sizes that were in the population. At the time of onset, the short repeats were linearly related to better motor performance, and all four brain regions contribute equally to toxicity. 12 That is because all four-brain regions had similar populations of shorter lengths. At the upper end of the distribution in the striatum, the longer tracts were linearly related to poor outcome, but the distribution of lengths differed among brain regions. The striatum had the longest allele lengths, overall, but there were fewer of them. The longest allele sizes in the hippocampus and cerebellum were shorter relative to the striatum, but there were more of them. Thus, we find, using linear regression, that the hippocampus and cerebellum contributed more to the poor performance than did the striatum. Our analysis supports a model in which a larger group of small mutations has more impact on toxicity than does a smaller group of long expansions [see Fig. 2C-D] . It is important to note that all of the repeat tract changes measured between 5 and 40 weeks in the mouse preceded neuronal death, supporting the hypothesis that some of the clinical features of HD are caused by pathological processes that precede gross neuronal cell death, and are likely to be effects of the somatic changes in the CAG tract.
With the exception of the tissue dependence of toxicity, our results measured at onset in the mouse are consistent with the seminal work of Wheeler and colleagues in human postmortem brains. 21 Both analyses agree that the pathology is more significant in individuals with longer repeats, the mouse data and the human predictions differ in the importance of the tissue contribution. This may be because the mouse data are collected directly at the time of onset. Because somatic expansion changes with age, the repeat tracts measured at the end of life in humans must be used to predict the sizes at the time of onset, which occurs decades earlier. Thus, statistically, it is possible that the striatum appears to have a more significant contribution to toxicity than the other regions in human brain, because the toxicity is extrapolated from repeat lengths that occur at the end of life. More analyses will need to be conducted before this question is resolved. On this point, however, it is interesting to note that mutation sizes late in the disease course parallel the aggregate load in human HD brain tissue, which is generally higher in cortex than in the striatum. 22 Although the striatum is the most affected region in HD, only 1-4% of striatal neurons in all grades of HD have nuclear aggregates, even though the cortical changes in repeat length were smaller. 22 
Conclusions
Huntington's Disease (HD) is caused by inheritance of a single disease-length allele harboring an expanded CAG repeat, which continues to expand in somatic tissues with age. We demonstrate in Budworth, et al., 2015. 12 that suppression of somatic expansion delays the onset of disease. Our analysis suggests that the increased mutation lengths in somatic cells are likely to have a primary role in affecting pathological events, and that all of the brain regions contribute to disease at onset. Collectively, these results are consistent with the notion that a large group of small changes contribute more to early pathology than do a smaller group of large repeats.
The significance of these findings is substantial. Gene replacement therapy for hereditary disease is a long way off. However, if somatic expansion contributes to disease, then a therapeutic approach is possible by inhibiting the somatic expansions that occur in the brain during life. If we do nothing, a hereditary disease such as HD is a death sentence. However, if suppressing somatic expansion substantially delays the onset of disease, treatment is possible during life. The window widens for future therapeutics designed to shorten the repeat.
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